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Single-crystalline LiNbO 3 ͑LN͒ has a variety of optical properties that make it a key material for the development of many optical devices. A worldwide research effort have been made to incorporate optically active ions such as rare earths for improved gain devices 1 and to enhance the second-order nonlinear optical response by producing periodically poled LN crystals. 2 The promising performances foreseen to be achieved by the combination of both functionalities ͑i.e., amplification and second-order nonlinearity͒ in the same material has led to an intense work in the production of rare-earth doped LN crystals with an enhanced nonlinear response. 3 Most of the studies focus either on the ion luminescence performance or on the nonlinear response, with very little discussion on the possible interaction of both responses. Beneficial and detrimental effects have both been reported in LN upon Er doping such as an improvement of the two-color recording performance 4 and a 4%-5% increased dispersion in the domain period length upon periodically poling, 3 respectively. Positive interactions have also been reported in other systems such as an increased resistance of 2 gratings to erasure in rare-earth doped aluminosilicate fibers 5 or an enhancement of the effective nonlinear coefficient of BaTiO 3 upon cerium doping. 6 The strong research activity in bulk crystals has partially been mirrored in waveguides produced by different techniques including ion exchange techniques, 7 metal indiffusion, 1 or ion implantation. 8 These works have been focused to the study of the Er 3ϩ photoluminescence ͑PL͒ performance at 1.54 m. No similar activity has been reported in the case of waveguides prepared by thin-film technologies probably because the growth of good quality LN films has for a long time been hindered due to the Li deficiency of the films. The use of pulsed laser deposition helped to overcome this problem by producing highly textured LN films. [9] [10] [11] [12] Whereas there are some reports on the secondorder nonlinear response of LN textured films, 11, 12 to our knowledge, there is just one work reporting the successful doping of textured LN films by covering the substrate with an Er layer that was later indiffused by annealing thus leading to a nonhomogeneous Er profile. 13 The aim of this work is twofold: First, to study the influence of doping LN with Er on the second-harmonic ͑SH͒ response, and second, to report the growth of strongly textured Er-LN films in a single-step process, with a controlled depth profile and with excellent PL and SH performances when compared to those of the bulk crystalline material.
Film deposition was performed by focusing an ArF laser beam ͑pulse duration of 20 ns͒ at 45°alternately in a LN single crystal and in an Er ͑99%͒ target. The process was repeated a number of times ͑cycles͒, alternating one pulse on the Er target with a number of pulses on the LN target. The number of cycles and the number of pulses in the LN target were varied in order to change the Er indepth profile while keeping the total film thickness approximately constant. The substrate-target distance was Ϸ30 mm and the laser energy density was 1.2 J/cm Ϫ2 . The deposition was performed in an oxygen pressure of 1 Torr on ͑001͒ sapphire substrates held at 650°C, these conditions being those earlier reported as optimum for the production of undoped LN films. 12 After deposition, all films were cooled down in situ in an oxygen pressure of 75 Torr. The films were finally annealed in air at 700°C during 1 h prior to any measurement.
The film thickness and the Er content were determined by Rutherford backscattering spectrometry ͑RBS͒ using a 2 MeV He ϩ beam and a scattering angle of 150°. The thickness was calculated from the measured Nb areal density using the density of bulk LN. Table I where it is seen that the Er average concentration decreases as the nominal submonolayer separation increases because the films were designed to have a similar total thickness. In spite of this and the small thicknesses ͑222-254 nm͒, it is clearly seen that all films have an Er average content close or above 10 20 atoms/cm Ϫ3 , that is considered the minimum concentration required to achieve amplification. 15 The structure of the films was analyzed by normal incidence -2 and x-ray diffraction ͑XRD͒. The films become textured as the Er submonolayer indepth separation increased: Whereas no peaks related to LN could be observed in the film having 1.7 nm separation, a sharp peak from the ͑006͒ reflection of LN is the only one appearing in the -2 scan of the film having the largest separation as seen in Fig. 1 ͑a͒. This scan is very similar to that reported earlier for the undoped films as seen in Fig. 1 ͑b͒. 12 The crystalline quality of the films was earlier evaluated through the evolution of the full width half maximum ͑FWHM͒ of the ͑006͒ reflection of LN. Using as a normalization factor, the width of the peak corresponding to the sapphire substrate (0.2°), the FWHM values calculated from the scans in Fig. 1  are 1.0 and 1.4 for the doped and undoped fims, respectively. Provided that the doped film is half as thick than the undoped one and that it was earlier reported that the quality of the undoped films increased as the thickness was increased, 12 it can be concluded that the quality of the films improve by Er doping with an Er submonolayer separation of 4 nm.
The insets in Fig. 1 show to the -scan patterns. They exhibit peaks when the films are rotated by 60°around the normal axis that indicates the existence of two structural variants ͑twined crystals͒. The peak intensity ratio of these two variants is slightly higher ͑2.4 compared to 2.0͒ for the doped film, thus indicating smaller twinning. Since the variant showing the more intense peaks is the one aligned with the substrate, it can be deduced that the epitaxial growth is favored by the Er doping in the film having an Er submonolayer indepth separation of 4 nm. It can be concluded that the epitaxial growth of LN on sapphire substrates is favored upon doping with Er submonolayers separated 4 nm.
The PL of Er 3ϩ at 1.54 m was excited at room temperature by using an Ar ϩ ion laser tuned to its 514.5 nm line and focused into the specimen at 25°with its normal direction. The pump power was 150 mW and the PL was collected along the normal direction and detected by a liquid-nitrogencooled Ge detector. Further details can be found elsewhere. 14 Figure 2 ͑a͒ shows that the PL intensity decreases as the Er submonolayer separation increases, that is consistent with the decrease in the total number of Er 3ϩ ions indicated as the top axis. This behavior is in contrast to that of the PL lifetime that is seen to increase up to 3 ms as the Er submonolayer indepth separation increases. In an earlier work, the same procedure of doping with Er submonolayers was reported for the case of an Al 2 O 3 host. 16 The range of separations studied was broader ͑0.6 -9 nm͒ and it was shown that the lifetime was greatly increased for separations above 3 nm, and the increase was saturated for distances in the range 4 -6 nm. The good agreement of the present results with those reported earlier in Ref. 16 suggests that a separation in the range 3-6 nm between Er submonolayers is required to prevent concentration quenching effects. It should be pointed out that although the distances empirically estimated in these two examples are similar, the real distances might be smaller in the case of the LN. The Er:Al 2 O 3 films reported elsewhere 14, 16 were deposited at room temperature and step annealed to 850°C whereas the LN films in this work were deposited at 650°C and annealed at 700°C. The different growth temperature might result in larger diffusion lengths during growth in the case of LN and thus, the real separations might be smaller than those calculated. This reasoning supports further the previous conclusion related to the need for a minimum Er submonolayer indepth separation to pre- vent concentration quenching effects and suggests that lifetime values well above 3 ms should be easily achievable in Er-doped LN films if using nominal separations larger than 4 nm. It is worth noting that the highest lifetime achieved ͑3 ms͒ is already slightly higher than the lifetime values reported in waveguides produced by ion implantation having an Er concentration close to the quenching limit 8 or much higher than those reported for ion-exchange waveguides, 7 the latter having a very inhomogeneous Er indepth profile together with Li deficiencies.
The second-order nonlinear optical properties of the annealed films were measured via second-harmonic generation using a Q-switched and mode-locked Nd:YAG laser operating at 1.064 m. The experimental setup used and the procedure followed to determine d 33 involved the use a quartz sample as a reference leading to the determination of d 33 within Ϯ5%. The details have been described elsewhere. 12 Figure 2 ͑b͒ shows that the SH signal and the d 33 coefficient both increase as the Er submonolayer indepth separation increases from 1.7 to 2.9 nm and undergoes a maximum or reaches a nearly constant value for separations in the range 2.9-4.0 nm. Two horizontal lines are plotted in Fig. 2 ͑b͒ that relate to the value reported for single-domain crystals 17 and the one reported earlier for a 500 nm thick undoped LN film grown under the same conditions. 12 Their comparison shows that the d 33 values achieved in the doped films are clearly higher than those in the undoped films and that they are close to or slightly higher than those of the bulk material for Er submonolayer separations in the range 2.9-4.0 nm. The origin of this enhancement is not clear at this point and needs more investigation. An increase of 1.43 times of the dielectric function of the doped material in respect to the pure crystal and an increase in the polarization along c caused by an increase in the ratio c/a were reasons given earlier to explain the d 33 enhancement observed in BaTiO 3 films upon doping with Ce. 6 Although no measurements of the dielectric function of our LN films are available, it should increase as the Er content increases that is not the behavior observed in d 33 in our films. Whether or not a change of ratio c/a occurs in our doped LN films can not be deduced from the XRD experiments performed. Nevertheless, this explanation is also unlikely since the film having an Er submonolayer separation of 2.9 nm exhibits a large enhancement in d 33 although its -2 scan shows no particular texture.
In conclusion, highly textured LiNbO 3 films doped with Er up to concentrations close to 10 20 atoms/cm Ϫ3 have been grown on sapphire substrates by pulsed laser deposition, the crystalline quality of the films being enhanced upon Er doping. Both the structural quality of the films and the Er 3ϩ -related PL lifetime at 1.54 m are found to improve more the larger the indepth separation of the Er submonolayers. The d 33 nonlinear coefficient of the doped films is close to or above that of the bulk single-crystalline material and it is clearly much better than that of thicker undoped films, thus proving that Er doping enhances the SH response. 
